Objectives: The aim of the work was to find biomarkers identifying patients at high risk of adverse clinical outcomes after TAVI and SAVR in addition to currently used predictive model (EuroSCORE).
Introduction
Transcatheter aortic valve implantation (TAVI) is a treatment option for patients with severe aortic stenosis (AS), who are considered poor candidates for surgical aortic valve replacement (SAVR) primarily due to comorbidities. According to a previous study, 30-day and 6-month survival rates following TAVI and SAVR were comparable, but TAVI was associated with shorter operation, intubation and intensive care unit times [1] . The selection of patients was based on expected perioperative or shortterm mortality that is usually calculated from the two most common risk models -the logistic EuroSCORE [2] or the Society of Thoracic Surgeons Predicted Risk of Mortality (STS-PROM) algorithms. Using the logistic EuroSCORE markedly overestimated the risk of very high-risk patients [3, 4] and in 2011 a new logistic EuroSCORE II was presented. At this point we must underline the fact that these scoring systems were designed to predict only 30-day mortality rates for patients undergoing cardiac surgery. At present, no dedicated scoring system is available for patients treated with TAVI. The one-year mortality rate of conservatively treated high-risk patients with severe AS is 50%. Despite either SAVR or TAVI treatment, the one-year mortality rate still remains relatively high -20-30% [5] [6] [7] [8] . This is accompanied by the incidence of serious complications (e.g. stroke, acute renal failure, pulmonary complications, cancer and valve failure requiring hospitalization for heart failure) which significantly affect the quality of life [7] . According to a multivariate analysis of a cohort of 1038 patients listed in the European TAVI registry, the value of the logistic EuroSCORE, concomitant renal disease, liver disease and smoking were identified as variables with the highest hazard ratio for 1-year mortality [7] . Worsening of renal function and increased levels of N-terminal pro-B type natriuretic peptide (NT-proBNP) also helped predict an increased risk in TAVI patients [9, 10] . Standardized Valve Academic Research Consortium (VARC) endpoints definition for TAVI was used in our study as a useful and important tool for further research results' comparisons [11] .
The aim of this pilot study was to investigate the added value of candidate biomarkers to standard clinical model in prediction of 30-day and 1-year risks of standardized endpoints, including mortality [11] . Another aim was to identify ''non-responders'' -i.e. patients in such a serious condition that even replacement of their stenotic valve would likely not affect their prognosis. This study analyzed biomarkers that have been previously published as prognostically significant in patients with cardiovascular disease. These substances can be divided into groups associated with 1) nitric oxide (NO): nitrite/nitrate and asymmetric dimethylarginine (ADMA); 2) oxidative stress: malondialdehyde (MDA), 8-hydroxy-2-deoxyguanosine (8-OHdG), the ferric-reducing ability of plasma (FRAP), cysteine, homocysteine, cysteinylglycine and glutathione; 3) the metabolism of extracellular matrix: matrix metalloproteinase 2 and 9 (MMP2, MMP9) and tissue inhibitors of metalloproteinases 1 (TIMP1); 4) renal functions: cystatin C; and 5) heart failure: B type natriuretic peptide (BNP) and NT-proBNP.
Materials and Methods
The patients were followed according to protocol approved by the local ethics committee (Ethics Comittee of St. Ann University Hospital). All patients signed an informed consent before baseline investigations were performed and the study was conducted in accordance with the Helsinki declaration.
The prospective study comprised 45 patients with symptomatic severe aortic stenosis in whom SAVR was considered to be associated with a high risk of periprocedural death, as assessed by the logistic EuroSCORE. Baseline characteristics in the cohort of patients and their clinical outcomes have been published elsewhere [12] ; therefore, methodology and clinical results are only briefly presented here. A complete set of biomarkers was acquired from 42 of the 45 patients included in the analysis. Since there was no difference in the hospitalization and long-term outcomes in patients treated with transfemoral (TF) vs. transapical (TA) approach, all patients treated with TAVI were evaluated together. Prior to operation, none of the patients were hemodynamically unstable, nor did they have resting angina, recent myocardial infarction (MI) or active endocarditis, and all procedures were performed electively. Contraindications included a bicuspid aortic valve, left ventricular ejection fraction #20% and severe (3+) mitral or aortic regurgitation. Additionally, patients with serious co-morbidities and an estimated life expectancy of less than three years were excluded from the study. Our multidisciplinary ''Heartteam'' (which consists of cardiac surgeons, interventional cardiologists and cardiologists specializing in echocardiography) assessed each patient and then decided upon a procedure to be performed in each individual. SAVR was not recommended for patients with serious clinical co-morbidities which were not measurable by the EuroSCORE (worsening mental status, limited physical activity, etc.). In the TAVI groups, the TA approach was the second choice in case the TF was impossible to perform. Depending on which procedure was used, patients were divided into SAVR (n = 13), TF (n = 14) and TA (n = 15) groups. Coronary artery disease did not influence the choice between SAVR and TAVI (seven patients had percutaneous coronary intervention and one patient had coronary artery bypass grafting before the procedure). TAVI procedures were performed using the technique described in medical literature [13, 14] and with the use of either Edwards-Sapien or Sapien XT aortic valves. All TAVI patients were given general anesthesia. Those in the TF group underwent surgical preparation of the common femoral artery. After the procedure, patients received dual anti-platelet therapy with acetylsalicylic acid (100 mg daily) and clopidogrel (75 mg daily). SAVR was performed during cardiac arrest that was induced by crystalloid cardioplegia. The bioprosthetic valve was sutured in a supraannular position using pledgeted sutures situated on the ventricular side. Patients received post-operative warfarin therapy for 3 months. Both the TAVI and SAVR groups of patients were followed for 12 months. Each 3-month visit included a clinical examination, laboratory tests and transthoracic echocardiography. Monitored endpoints were defined based on the VARC (Valve Academic Research Consortium): 1) combined safety endpoint at 30 days; and 2) combined efficacy endpoint at 1 year (evaluation of device success was not included in this publication) [11] . A combined endpoint was defined as the occurrence of any clinical endpoint (either safety or efficacy endpoint) at 0-365 days. The combined endpoint analysis reflected the amount of patients experiencing at least one clinical endpoint. In the SAVR group of patients, the application of erythrocyte transfusion during extracorporeal circulation surgery was not considered to be a bleeding endpoint.
The biomarker blood samples were obtained from fasting subjects in the morning on the day of the operation. The samples were immediately cooled to 0uC, centrifuged in a refrigerated centrifuge and frozen at 270uC within 30 minutes after the draw. Values of creatinine and hemoglobin were evaluated promptly after the draw.
BNP was analyzed using the AxSYM BNP-Microparticle Enzyme Immunoassay (Abbott Laboratories, Abbott Park, USA). NT-ProBNP was analyzed using the Cobas E411 NT-proBNP Imunoassay Kit (Roche Diagnostics, Indianapolis). Cystatin C was analyzed using DakoCytomation Cystatin C Immunoparticles (DakoCytomation, Denmark). Plasma ADMA levels were measured in duplicate by commercially available ELISA kits (DLD Diagnostika Ltd, Germany) in accordance with the manufacturer's instructions. The range of minimum detection was 0.05 mmol/L, interassay coefficients of variation was ,10%. Plasma 8-OHdG levels were analyzed using a Cayman Chemical EIA kit (Cayman Chemical Co., MI, USA) and following the manufacturer's protocol. The detection limit was 35 pg/L, and interassay CV% was ,9%. To assess plasma antioxidant capacity, FRAP was measured according to the methods described by Benzie and Strain, only with one modification in procedure, i.e. absorbace was measured in a 96-well plates at 600 nm on Spectramax 340PC microplate reader (Molecular Devices, CA, USA). FRAP values were calculated by using ascorbic acid as the standard [15] . Plasma nitric oxide levels were evaluated by measuring the intermediate and end products -nitrite/nitrate (NOx) were measured using a colorimetric assay kit based on the Griess reaction (R&D Systems Inc., MN, USA). The assay sensitivity was 0.25 mmol/L, interassay precisions was ,4.6%. The plasma level of MDA was assessed after derivation by thiobarbituric acid (TBA), using a modified high performance liquid chromatography with fluorescence detection as described previously [16] . Briefly, plasma aliquots were mixed with solutions of phosphoric acid (0.66 mol/L) and TBA (0.21 mol/L) and ultrapure water at a volume ratio of 1:10:10:10. The mixture was heated at 95uC for 60 min. After cooling on ice, the mixture was neutralized using equal volumes of alkaline methanol and then centrifuged. The supernatant was injected onto a LiChrosorb RP18 (150 mm64.6 mm, i.d.) column (Merck KGaA, Germany) with a mobile phase containing 50 mmol/L phosphate buffer, pH 6.8 and methanol (40:60, v/v). Separated MDA-TBA adducts were quantified fluorometrically with excitation at 527 nm and emission at 551 nm. The limit of detection (signal/noise 5:1) was 0.01 mmol/L. The interassay coefficients of variation was ,4.2%.
The plasma totals of cysteine, homocysteine, cysteinylglycine and total glutathione concentrations were measured using modified high performance liquid chromatography with fluorescence detection (Shimadzu 10A series HPLC system, Shimadzu Corp., Japan) and the protocol described by Vester and Rasmussen. Briefly, the method applied tributylphosphine for reduction of thiols and ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate as the derivatization agent. The limit of detection (signal/noise 5:1) of homocysteine and glutathione was 0.2 mmol/L and 0.1 mmol/L, respectively. The interassay coefficients of variation was ,3.2% [17] . Plasma MMP9 levels were determined in duplicate using a commercially available ELISA kit (GE Healthcare Life Sciences, USA). Serum TIMP1 and MMP2 levels were determined in duplicate using a commercially available ELISA kit (GE Healthcare Life Sciences, USA). The range of inter-assay CV% was ,10%. The minimal detection sensitivity of the TIMP1 ELISA kit was 1.25 ng/mL, that of the MMP9 ELISA kit was 0.6 ng/mL, and the MMP2 ELISA kit was 0.37 ng/mL.
Statistical Analysis
Standard descriptive statistics were used for analysis; continuous parameters were described by median and 5 th -95 th percentiles, and categorical parameters were described by their absolute and relative frequencies. Differences between SAVR and TAVI groups were assessed using the Mann-Whitney test when parameters were continuous, and ML Chi square test was used for categorical parameters.
Receiver operating characteristic (ROC) curves and its area under curve (AUC) were used to determine if parameters were a good predictor for selected endpoints. We also used the net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) to assess additional benefit of biomarkers to currently used clinical model (EuroSCORE) for prediction of the combined endpoint. The results of IDI were preferred in interpretation due their independence on cut-offs of calculated risk and usage of quantitative changes of calculated risk in their computation. The results of comparison of reference and improved models were visualized using risk assessment plots [18] . The level of statistical significance was set at a = 0.05. IBM 
Results
Baseline characteristics of patients are listed in Table 1 . Characteristics of patients treated by transfemoral and transapical approach were comparable [12] , only patients treated by TA approach had more often symptomatic peripheral vascular disease (3 patients in TA group vs. 0 patient in TF group) and more often insignificant atherosclerosis or tortuosity of pelvic arteries. Values of all tested biomarkers in both TAVI groups were comparable and due to the limited size of groups all analyses were performed for the whole TAVI group regardless of the approach. We calculated the logistic EuroSCORE II that was significantly lower than the original EuroSCORE. Laboratory values obtained prior to the procedure are shown in Table 2 . The values of biomarkers observed in both groups did not differ from each other, only values of natriuretic peptides were slightly higher in patients treated by TAVI. The incidence of standardized endpoints and their combinations were comparable between the groups of patients treated by TAVI and SAVR (Table 3) .
The receiver operating characteristic analysis (ROC) was performed for all biomarkers for the TAVI group (Table 4) and for all patients (Table 5 ). Biomarkers with significant results (p#0.05) are presented in Table 6 together with the values of area under the curve (AUC), sensitivity, specificity and cut-off values for TAVI group and for the whole population (TAVI group and SAVR group).
In the group of patients treated using TAVI we identified a higher risk of the combined safety endpoint at 30 days for increased values of markers of oxidative stress -MDA and cysteine, and for the increased values of markers associated with extracellular matrix metabolism -MMP2 and TIMP1. Similar results were obtained for the whole study population (TAVI group and SAVR group). Moreover, also higher levels of 8-OHdG and homocysteine but not MMP2 turned out to be significant markers of the combined safety endpoint at 30 days. Increased levels of MDA and MMP2 turned out to be significant in prediction of all endpoints at 1 year in the TAVI group and higher levels of MDA and FRAP were found to be associated with prediction of all endpoints at 1 year for all patients. According to ROC analysis there was a remarkable but statistically insignificant association between increased levels of both natriuretic peptides and higher incidence of efficacy endpoints during 30-365 days of follow-up in the TAVI group.
Higher EuroSCORE predicted higher 1-year mortality for the TAVI group and also for all patients. Higher EuroSCORE II was associated with prediction of endpoints at 1 year for all patients.
To determine whether the consideration of values of candidate biomarkers in addition to currently used clinical model improves our possibilities of risk prediction we used NRI and IDI. As the gold clinical standard, the EuroSCORE was used and only biomarkers with significant predictive value according to ROC analysis were evaluated. In the TAVI group we found improved reclassification and discrimination of the clinical model for MDA and MMP2 for prediction of the combined safety endpoint at 30 days and the combined endpoint (0-365 days) and improved reclassification for TIMP1 for prediction of the combined safety endpoint at 30 days. In the group of SAVR and TAVI we detected improved reclassification for 8-OHdG, MDA and TIMP1 for prediction of the combined safety endpoint at 30 days and for FRAP for the combined endpoint (0-365 days) and improved discrimination for MDA for both the combined safety endpoint at 30 days and the combined endpoint (0-365 days) ( Table 7) . The results for MDA models as the most important addition to reference EuroSCORE model are visualized in risk assessment plots of the performance comparisons between reference and new models (Figures 1, 2, 3 , and 4).
Discussion
This work is the first to evaluate the possibility of using biomarkers other than creatinine and natriuretic peptides in prediction of prognosis of high-risk patients treated for significant aortic stenosis. The knowledge of values of several biomarkers may bring another piece of information into the decision-making process and, in addition to clinical parameters; helps select the patients in the highest risk of subsequent adverse events.
Clinical Scoring Systems
Due to low in-hospital mortality, we did not evaluate the predictive values of logistic EuroSCOREs I and II in terms of short-term mortality in TAVI patients. Another study with a more extensive group of TAVI patients showed that neither the logistic EuroSCORE [19] nor the STS-PROM score [20] precisely predicted periprocedural complications or mortality. There are still no publications describing the predictive value of the logistic EuroSCORE II for in-hospital mortality with TAVI procedures. According to our results, both logistic EuroSCORE and Euro-SCORE II could be used as scoring systems for prediction of annual mortality or incidence of standardized combined endpoints following TAVI but with limited sensitivity and specificity. So far, papers using standardized endpoints defined according to VARC [11] that will enable a comparison of individual studies in the future have been published only sporadically [21] . Table 3 . Occurrence of endpoints in SAVR and TAVI groups. Table 4 . ROC analysis for prediction of endpoints in patients treated with TAVI. Table 5 . ROC analysis for prediction of endpoints in patients treated with SAVR and TAVI. Combined safety endpoint at 30 days In comparison with the previous study [7] , we found only a trend for impaired renal function to be a predictor of the combined safety endpoint at 30 days with a cut-off value for creatinine clearance of 46 ml/min (Table 4b) . We assume that a larger study group would have led to significant results. In our study we did not evaluate smoking status (due to low number of smokers -only 4 patients) or liver disease as possible predictors of adverse prognosis. A multivariate model including clinical data was not computed because a model with more than 2 variables became unstable due to low sample size.
Biomarkers
Previous studies have only evaluated the prognostic effect of natriuretic peptides. Kefer et al. found that only BNP levels were independent predictors of 30-day survival [22] and Spargias et al. found that increased levels of NT-proBNP predicted higher 30-day and 1-year mortality. We found only an insignificant association between higher natriuretic peptides and occurrence of efficacy endpoints during 30-365 days. Lower number of treated patients and reduced incidence of endpoints in our study could have been the cause. In accordance with previous results it seems that high levels of natriuretic peptides are associated with adverse prognosis in high risk patients with severe aortic stenosis treated by TAVI. The main contribution of our work was the analysis of novel biomarkers and evaluation of their additional benefit to the standard clinical model (EuroSCORE) in prediction of postoperative adverse events.
Biomarker Reflecting Renal Function
Cystatin C is mainly used as a biomarker of kidney function and describes glomerular filtration better than serum creatinine. In contrast to higher serum creatinine being a strong predictor of 30-day and 1-year mortality following TAVI [9] , we did not find any similar association with cystatin C. Probably the post-operative values of cystatin C and its dynamics during the peri-operative course should be studied for early diagnostics of AKI or adverse prognosis after TAVI.
Biomarkers Reflecting NO Production
ADMA is closely related to L-arginine and is a natural endogenous competitive inhibitor of NO synthase; nitrites/nitrates (NO22/NO32) are stable detectable products of NO. While low production of NO results in endothelial dysfunction and vasodilatation failure, high levels of NO, produced by inducible NO synthase (iNOS) during septic or cardiogenic shock, further deteriorate cardiac function and lead to severe vasodilatation and hypotension. In our work, we did not find any association between either pre-operative ADMA or nitrite/nitrate values, and the incidence of short and long-term endpoints in patients after SAVR or TAVI.
Biomarkers Reflecting Oxidative Stress
Oxidative stress represents an imbalance between the production of reactive oxygen species (ROS) and the ability to detoxify reactive products or repair the resulting damage. Toxic effects of oxidative stress, caused through the production of peroxides and free radicals, lead to damage of all cell components, including proteins, lipids and DNA. Malondialdehyde (MDA) is a highly reactive compound and a marker of oxidative stress levels. According to our results, increased pre-operative values of MDA turned out to be a very promising biomarker of short and longterm outcomes in both the group of high-risk patients treated by TAVI, as well as the entire study population treated with either SAVR or TAVI. Even after adding to EuroSCORE, representing the standard clinical model, MDA improved reclassification and discrimination of the model; especially for calculated risk values above overall prevalence of endpoint. High levels of MDA might reflect severity of disease, loss of repair antioxidant function and, as a consequence, poor prognosis despite our aggressive and expensive treatment. 8-hydroxy-2-deoxyguanosine (8-OHdG) is a product of DNA oxidation and a biomarker of oxidative stress and DNA damage. Data has already been published demonstrating that in patients with heart failure the increased values correlate to the severity of heart failure, left ventricle dysfunction and natriuretic peptide values [23] . In our work, increased values of 8-OHdG that were found throughout the entire study population (both SAVR and TAVI groups) were associated with unfavorable 30-day prognosis following aortic valve replacement and improved discrimination of the clinical model. The ferric-reducing ability of plasma (FRAP) represents the total antioxidant capacity of plasma (a complex of all compounds with antioxidant effects, e.g. antioxidative vitamins, uric acid, bilirubin, proteins and other exogenous substances). According to our results, elevated preoperative FRAP values were associated with a higher incidence of combined safety endpoints at 30 days. Thiols (cysteine, homocysteine, cysteinylglycine, glutathione, gamma-glutamyl-cysteinylglycine) are organosulfur compounds that contain reactive carbon-bonded sulfhydryl groups (-SH) that have antioxidant potential. We identified both elevated levels of cysteine and homocysteine as possible predictors of a higher incidence of combined safety endpoints at 30 days but when added to the clinical model the prognostic value did not improve.
Biomarkers Reflecting the Metabolism of Extracellular Matrix (ECM)
Matrix metalloproteinases (MMPs) are enzymes involved in the metabolism of ECM. The tissue inhibitor of metalloproteinase 1 is one endogenous inhibitor of matrix metalloproteinases. It has been demonstrated that, in elderly men, serum MMP9 and TIMP1 levels were related to increased mortality risk [24, 25] . In our cohort, levels of MMP2 and TIMP1 were related to the incidence of combined safety endpoints at 30 days even when added to the clinical model. Altered extracellular matrix metabolism may be involved in left ventricle remodeling, as well as other detrimental pathways; therefore, circulating MMP2 or TIMP1 may be relevant biomarkers.
In this work we pointed out several biomarkers that could help us stratify patients undergoing TAVI. Although there are some experimental works suggesting a possibility to influence oxidative stress pharmacologically [26] we assume that the major benefit of biomarkers is to identify patients in the highest risk of postoperative adverse events. This precise stratification could point out those with the need for more intensive peri-operative care or bring up an indication for conservative therapy.
Major study limitations included the monocentric character of our prospective study and a limited number of enrolled patients. This fact was taken into consideration during the interpretation and discussion of statistical results. Therefore, it was not possible to analyze the prognostic significance of the biomarkers for each endpoint separately, and we had to use combined endpoints instead. Although outcomes forming combined endpoints are disparate, they reflect adverse course after TAVI in a very complex way and in our article we followed standardized endpoint definitions according to a consensus report from the Valve Academic Research Consortium [11] . Population size and incidence of endpoints were consistent with other studies that have evaluated the prognostic influence of NT-proBNP in patients treated with TAVI. From a statistical point of view, our study had several limitations and, as such, it should be regarded as a novel hypothesis generating study, setting the first step in further exploration of this highly relevant topic. Other limitations included using VARC defined endpoints standardized for TAVI also for the SAVR group, such as definitions of either periprocedural myocardial infarction or prosthetic heart valve dysfunction.
Conclusions
Despite highly sophisticated TAVI or SAVR treatments for patients with severe aortic stenosis, at least 15% of patients die within one year and another 20% experience a serious event. In this study we sought to identify high risk patients using biomarkers and we found malondialdehyde to be the most promising Table 7 . Evaluation of additional benefit of biomarkers to clinical model (EuroSCORE) by net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) for prediction of combined safety endpoint at 30 days and combined endpoint (0-365 days) in groups of patients treated by TAVI and by SAVR and TAVI. biomarker, although other applicable parameters included 8-OHdG, FRAP, MMP2 and TIMP1. Our results are in concordance with other studies, which have shown the necessity to create and validate a new clinical scoring system dedicated to TAVI that will help predict both short-and long-term mortality. The potential contribution of the proposed biomarkers (MDA, FRAP, MMP2, TIMP1, BNP and NTproBNP) must now be assessed in large multicentre studies, optimally in addition to clinical parameters included in the new ''TAVIscore''.
